Chitosan and nanoparticle silver are both materials with demonstrated antimicrobial properties and have been proposed singly or in combination as constituents of antimicrobial burn dressings. Here, we show that they combine synergistically to inhibit the in vitro growth of Gram-positive methicillin-resistant Staphylococcus aureus (MRSA) and Gram-negative bacteria (Pseudomonas aeruginosa, Proteus mirabilis, and Acinetobacter baumannii), as judged by bioluminescence monitoring and isobolographic analysis, and also produce synergistic killing after 30 min of incubation, as measured by a CFU assay. The hypothesized explanation involves chitosan-mediated permeabilization of bacterial cells, allowing better penetration of silver ions into the cell. A dressing composed of freeze-dried chitosan acetate incorporating nanoparticle silver was compared with a dressing of chitosan acetate alone in an in vivo burn model infected with bioluminescent P. aeruginosa. The survival rates of mice treated with silver-chitosan or regular chitosan or left untreated were 64.3% (P ‫؍‬ 0.0082 versus regular chitosan and P ‫؍‬ 0.0003 versus the control), 21.4%, and 0%, respectively. Most of the fatalities occurred between 2 and 5 days postinfection. Silver-chitosan dressings effectively controlled the development of systemic sepsis, as shown by blood culture. These data suggest that a dressing combining chitosan acetate with silver leads to improved antimicrobial efficacy against fatal burn infections.
Bacterial infections in serious burns have been a constant threat to human health throughout history. Infections that develop in traumatic and surgical wounds and burns remain a major problem despite decades of advances in antibiotics and antiseptics (38) . Many burn infections are treated with antibiotics that can be applied topically or administered orally or by injection. Unfortunately, due to the excessive use of antibiotics, some bacteria have evolved to become antibiotic resistant, and this has led to the present time being described as the "end of the antibiotic era" (26, 34) . Thus, the search for novel, more efficient antibacterial burn dressings has been the subject of intense and continuing research efforts (14, 20, 27) . In addition, it has recently been recognized that certain bacterial strains, such as Pseudomonas aeruginosa, have the ability to establish themselves in biofilms (2, 28, 47) , which are complex structures consisting of bacterial cells embedded in an extracellular matrix of hydrated extrapolymeric substances and permanently attached to surfaces (13) . Biofilms can act as efficient barriers against antibiotics and the host immune system and subsequently render the bacterial infections persistent and more difficult to eradicate (13) . Bacteria living in biofilms can be up to 1,000 times more resistant to antibacterial compounds than their planktonic counterparts (39) . As a result of the therapeutic failure of some front-line antibiotics, the medical community is faced with developing new treatment modalities.
The antimicrobial properties of silver have been known from antiquity: the Egyptians, Greeks, Romans, and other ancient civilizations used silver vessels to store perishable foods, and silver cutlery, cups, and dishes were used by the rich (17) . While the discovery of penicillin led to the era of synthetic antibiotics, increasing antibiotic resistance of bacteria and the ineffectiveness of synthetic antibiotics against some bacterial strains have led to the reemergence of interest in silver, silver salts, silver compounds, and nanocrystalline silver as antibacterial agents (8, 18, 41) .
It is known that chitosan, the N-deacetylated derivative of chitin, has significant antibacterial activity against a broad spectrum of bacteria (43) . We have previously investigated the use of a chitosan acetate bandage (the HemCon bandage) for the treatment of infected excisional wounds (5, 6) and burns (15) . We studied 10-s full-thickness third-degree burns infected with 10 7 CFU of Pseudomonas aeruginosa in a mouse model. It was found that a chitosan acetate bandage significantly increased the survival rate of mice compared with untreated controls (73.3% versus 13.3%; P Ͻ 0.0002). However, a chitosan acetate bandage was not effective in preventing fatal infections developing from a more severe situation of a 60-s burn infected with 10 8 CFU of P. aeruginosa in mice (22.2% survival rate; n ϭ 9) (data not shown). We hypothesized that this failure was due to the inability of the chitosan acetate bandage to rapidly eradicate sufficient bacteria in the burn, therefore allowing the surviving P. aeruginosa cells to form biofilms in the infected burns. Silver has been reported to be effective in preventing the formation of P. aeruginosa biofilms and also against fully developed in vitro biofilms of P. aeruginosa (3, 42) .
In recent times, there has been considerable interest in preparations of nanoparticles and films that combine both silver and chitosan (45, 50, 51) . Some of these materials have been proposed as wound or burn dressings (33, 49) . However, there does not appear to be any report that examines possible synergism between the antibacterial effects of silver and chitosan. In the present study, we investigated the possible synergistic combination of chitosan acetate with nanocrystalline silver for improved antimicrobial efficacy in vitro and against burn infections in a mouse model.
MATERIALS AND METHODS
Strains and media. Due to the observation that nanoparticle silver scattered light and was therefore highly turbid, we selected bioluminescent bacteria in this study to facilitate measurement of growth with a plate reader. The turbidity did not affect luminescence measurements because the scattered photons were still measured by the photomultiplier tube. The following microbial strains were used (Table 1) : methicillin-resistant Staphylococcus aureus (MRSA) (Xen 30), Proteus mirabilis ATCC 51393 (Xen 44), and P. aeruginosa ATCC 19660 (Xen 5P) (all kind gifts from Xenogen Corp., Alameda, CA), as well as Acinetobacter baumannii ATCC BAA 747 (ATCC, Manassas, VA). A. baumannii ATCC BAA 747 was transduced with the luxCDABE operon (originally cloned from Photorhabdus luminescens) as described previously (16) . Planktonic bacterial cells were cultured in brain heart infusion (BHI) broth with aeration at 37°C. Cell numbers were estimated by measuring the optical density at 600 nm (OD 600 ) (an OD of 0.5 was equal to 10 8 cells/ml, as confirmed by plate counts). Materials. The chitosan-lactate gel consisted of 2% chitosan in 2% lactic acid and was prepared by dissolving ultrapure chitosan (Protasan UPB; degree of deacetylation, 91%; molecular weight [MW], 460,000; FMC NovaMatrix, Sandvika, Norway) in lactic acid solution. The nanoparticle silver suspension was a 0.2% (wt/wt) suspension of nanoparticle silver in distilled H 2 O and was prepared from Nanohorizons Polyform AS (Nanohorizons, Bellefonte, PA) containing a proprietary stabilizer.
The freeze-dried chitosan acetate dressing (HemCon bandage; HemCon Medical Technologies Inc., Portland, OR) has been previously described (6) . The silver-containing chitosan acetate dressing was similar to the nonsilver version with the exception of the inclusion of a uniform dispersion of 400 ppm of nanoparticulate silver (Polyform AS) in the chitosan gel that was used to prepare the freeze-dried dressings.
MIC determinations. The antibacterial activities of chitosan acetate and silver were determined by MICs using bioluminescence rather than traditional turbidity measurement, using sterile 96-well black-sided plates to generate a checkerboard of 2-fold dilution series from columns 1 to 11 (column 12 ϭ zero) for silver and from rows 1 to 7 (row 8 ϭ zero) for chitosan acetate in 50% nutrient broth. A bacterial suspension (10 l containing 10 4 cells) was added to each well, and the plate was incubated at 37°C for 15 h with vigorous shaking. The bacterial luminescence was monitored with a luminescence plate reader (MicroBeta Trilux 1450; PerkinElmer Life and Analytical Sciences Inc., Wellesley, MA). The experiments were repeated three times.
In vitro killing assays. Cells were grown overnight in BHI at 37°C and regrown in fresh medium for 2 to 3 h before being collected by centrifugation and suspended in deionized water, used because it lacks chloride ions present in phosphate-buffered saline (PBS) that would interfere with silver. A cell suspension consisting of 10 8 cells/ml was incubated with various concentrations of the chitosan acetate and/or nanoparticle silver for 30 min at room temperature in the dark. After incubation, 100-l aliquots were taken from each sample to determine CFU. The aliquots were serially diluted 10-fold in PBS to give dilutions of 10 Ϫ1 to 10 Ϫ5 , in addition to the original concentration, and 10-l aliquots of each of the dilutions were streaked horizontally on square BHI plates by the method of Jett and colleagues (29) . The plates were streaked in triplicate and incubated for 12 to 18 h at 37°C in the dark to allow colony formation.
Animals. All animal procedures were approved by the Subcommittee on Research Animal Care (IACUC) of Massachusetts General Hospital and met the guidelines of the National Institutes of Health. Adult female BALB/c mice (Charles River, Wilmington, MA), 6 to 8 weeks old and weighing 17 to 21 g, were used in the study. The animals were housed one per cage and maintained on a 12-hour light/dark cycle with access to food and water ad libitum.
Creation of burn injuries and bacterial infection. Mice were shaved on the back and depilated with Nair (Carter-Wallace Inc., New York, NY) 1 day before the creation of burns. The next day, the mice were anesthetized with intraperitoneal injections of a ketamine-xylazine cocktail, and burns were created by applying two preheated (ϳ95°C) brass blocks (10 mm by 10 mm; Small Parts, Inc., Miami, FL) to the opposing sides of an elevated skin fold on the dorsal surface of the mouse for 60 s (nonlethal full-thickness third-degree burns). The combined brass block area was 20 mm by 10 mm, giving an area of 200 mm 2 , corresponding to 5% of the total body surface area (TBSA). Immediately after the creation of burns, the mice were resuscitated with intraperitoneal injections of 0.5 ml sterile saline (Phoenix Scientific Inc., St. Joseph, MO).
Five minutes after the creation of the burns (allowing the burns to cool down), a suspension (40 l) of bacteria in sterile PBS containing 10 8 CFU was inoculated onto the surface of each burn with a yellow-tipped pipette and then smeared onto the burn surface with an inoculating loop.
Treatment of burn infection. Silver-chitosan acetate or nonsilver chitosan acetate bandages (HemCon Medical Technologies Inc.) were applied to the infected burns 15 min after the application of bacteria, allowing the bacteria sufficient time to bind to the burned tissue. To allow adherence of the bandages to the burns, both types of bandages were moistened with MilliQ water before application. In contrast to human third-degree burns, mouse third-degree burns have a dry texture, irrespective of whether they have been contaminated or infected with bacteria. It was therefore necessary to regularly moisten the silverchitosan acetate bandages to allow the active antimicrobial ingredient (Ag ions) to percolate into the burned tissue. In order not to compromise the activity of the nanocrystalline silver from the silver bandages by using buffers, we used pure water to do this. We had previously shown that pH 4.5 acetate buffer used to moisten chitosan acetate does not alone have an antibacterial effect on P. aeruginosa in the short term (hours). Therefore, nonsilver chitosan acetate bandages adhering to the burns were moistened daily with 100 l of 50 mM sodium acetate buffer, and silver bandages were moistened with MilliQ water.
Bioluminescence imaging. The low-light imaging system (Hamamatsu Photonics KK, Bridgewater, NJ) has been previously described. Briefly, it consisted of an intensified charge-coupled device (CCD) camera mounted in a light-tight specimen chamber fitted with a light-emitting diode, a setup that allowed a background gray-scale image of the entire mouse to be captured. In the photoncounting mode, an image of the emitted light from the bacteria was captured using an integration time of 2 min at a maximum setting on the image intensifier control module. By the use of ARGUS software (Hamamatsu Photonics), the luminescence image was presented as a false-color image superimposed on the grayscale reference image. The image-processing component of the software calculated the total pixel values from the luminescence images of the infected wound area. The infection time was defined as the time during which any bioluminescence was present in the wound when measured at the most sensitive setting.
Follow-up. During the experiment, mice underwent bioluminescence imaging immediately after bacteria were added and at 24-h intervals thereafter. The mice were also followed daily for weight and survival. When mice died (or were sacrificed due to their moribund condition), 5 ml sterile saline was injected into the abdominal cavities of the mice and then withdrawn and cultured on BHI agar plates to determine the presence of P. aeruginosa in the peritoneum. Blood samples were also taken from the hearts removed from dead mice and streaked on BHI agar plates.
Statistical methods. Drug interaction analysis. The isobolographic drug interaction analysis is based on the Loewe additivity (no-interaction) theory (1), which is described by the equation
where cc(Ag) and cc(chit) are the concentrations of the nanoparticle silver and The average of the interaction indices for the three replicates of each strain was calculated. In order to test whether the I values of the three replicates were significantly lower or higher than 1 (P Ͻ 0.05), the I values were log transformed to approximate a normal distribution, and the 95% confidence intervals were calculated. If the 95% confidence intervals of the I values of a fixed-ratio combination were significantly lower or higher than 1, synergy or antagonism, respectively, was concluded to be present for that particular fixed ratio. The results of isobolographic analysis can be easily visualized using isobolograms. An isobologram is a two-dimensional plot in which the coordinates are the concentrations of the two drugs on an arithmetic scale. An isobol is a curve that starts from a concentration of nanoparticle silver on the x axis and ends at an isoeffective concentration of chitosan acetate on the y axis, connecting the concentrations of all combinations showing the same effect. An additive isobol, the graphical representation of equation 1, is a straight line from the x axis to the y axis that connects the isoeffective concentrations of silver and chitosan alone. An isobol that deviates to the left or right from the indifferent isobol indicates synergy or antagonism, respectively.
Statistical comparison of bacterial killing by combinned agents versus killing produced by twice the concentration of each agent acting alone was carried out by 1-way analysis of variance (ANOVA).
All in vitro experiments (MIC and killing assays) were repeated three times. Survival curves were compared by the Kaplan-Meier log-rank test. P values of Ͻ0.05 were considered statistically significant.
RESULTS

MIC determinations.
We determined MIC endpoints by finding the lowest concentration of chitosan acetate and silver that prevented growth, as assessed with a luminescence plate reader. This was necessary because the nanoparticle silver preparation was highly light scattering in nature (more turbid than stationary-phase bacteria), and therefore, traditional turbidometry could not be used.
The MIC values are displayed as classical isobolograms in Fig. 1 . From the figure, it can be seen that there was real synergy between the growth-inhibitory effects of chitosan acetate and nanoparticle silver in all the tested bacteria. All the curves were markedly convex to the left of the line, representing additive interaction. The interaction index values are shown in Table 2 . The means of these values were significantly less than 1 in all cases (P Ͻ 0.05). The order of the degrees of synergistic interaction between these four species was as follows: P. aeruginosa Ͼ A. baumannii Ͼ P. mirabilis Ͼ MRSA. In vitro killing assays. In order to study the possible synergy of the antimicrobial activities of chitosan acetate and silver, killing assays after 30 min of incubation time were performed with Gram-positive bacteria (MRSA) and three different Gram-negative bacteria (P. mirabilis, P. aeruginosa, and A. baumannii) to determine the fraction of viable cells after treatment with chitosan acetate and/or nanoparticle silver preparations. Bacteria were incubated with chitosan acetate and/or nanoparticle silver for 30 min and then plated on BHI agar plates to allow counting of CFU. We used a certain concentration of each material alone that was determined from the MIC graphs and also by experiment and used the combination of silver and chitosan at half of each concentration that was used alone. Figure 2A shows the antimicrobial activity of chitosan acetate (0.08%) or silver (0.01%) and of a combination (0.04% chitosan plus 0.005% silver) against MRSA. MRSA was the most resistant species tested. There were almost 2 log units of killing with 0.08% chitosan acetate alone and less than 1 log unit of killing with 0.01% silver alone but almost 5 log units of killing with 0.04% chitosan and 0.005% silver (P Ͻ 0.001 versus either alone). Figure 2B shows that overall A. baumannii was the most susceptible of the four bacterial species. Very low concentrations of both agents were able to produce significant killing. There was almost 1 log unit of killing with 0.0002% chitosan acetate and more than 1 log unit of killing with 0.004% nanoparticle silver but more than 4 log units of killing with the combination of 0.0001% chitosan acetate and 0.002% nanoparticle silver (P Ͻ 0.001 versus either alone). Figure 2C shows the killing obtained for chitosan acetate and silver against P. mirabilis. There were 1.5 log units of killing with 0.002% chitosan acetate alone and 1.5 log units of a Interaction indices were calculated using equation 1. For each species, the precise silver concentration used with the specified chitosan concentration shown was the lowest needed to inhibit growth and can be found in Fig. 1 . A range is given for triplicate determinations. All values (except that for MRSA at 0.16 chitosan) were significantly less than 1 (P Ͻ 0. killing with 0.0007% nanoparticle silver alone but more than 3 log units of killing with the combination of 0.001% chitosan acetate and 0.00035% nanoparticle silver (P Ͻ 0.001 versus either alone). Figure 2D shows the killing found for chitosan acetate and silver against P. aeruginosa. There were 1.5 log units of killing with 0.002% chitosan acetate and more than 1 log unit of killing with 0.007% nanoparticle silver but 2.5 log units of killing with the combination of 0.001% chitosan acetate and 0.0035% nanoparticle silver (P Ͻ 0.01 versus either alone).
In vivo treatment of infected burns. Similar to the chitosan acetate bandage, a silver-chitosan acetate bandage adhered extremely well to the surface of the burn when the piece of bandage had been previously moistened with acetate buffer or MilliQ water to render it flexible. The adhesion time of HemCon bandages was Ͼ16 days on all surviving mice. We used pieces of both silver-chitosan acetate and nonsilver chitosan acetate that were significantly bigger (Ͼ30 mm by 30 mm) (Fig.  3A and B) than the burn itself (ϳ20 mm by 10 mm) (Fig. 3C) because the bacteria sometimes spread laterally into the skin beyond the burned area, as observed by bioluminescence imaging. Figure 4 shows representative bioluminescence images (collected with the same sensitivity setting on the camera) of mice with P. aeruginosa-infected burns treated with silver-chitosan acetate (Fig. 4A) or nonsilver chitosan acetate (Fig. 4B ) and with no treatment (Fig. 4C) at day 4 postinfection. Chitosan acetate (nonsilver) was not able to prevent the infection from spreading out of the burned area into the surrounding tissue, although it controlled the infection in the actual area of the burn, while only a small area of infection was observed in the At 3 weeks postinfection, the survival rates of the silverchitosan acetate-treated group (n ϭ 14), the chitosan acetatetreated group (n ϭ 14), and the untreated group (n ϭ 7) were 64.3%, 21.4%, and 0%, respectively (Fig. 5) . The survival curves were found to be significantly different between silverchitosan acetate-treated and nonsilver chitosan acetate-treated groups (P ϭ 0.0082), and between the silver-chitosan acetatetreated group and the untreated group (P ϭ 0.0055). No significant difference was found between the survival curves of nonsilver chitosan acetate-treated and untreated groups (P ϭ 0.68). In all 3 groups of animals, most of the fatalities (15 out of 20) occurred between 2 and 5 days postinfection.
DISCUSSION
The antibacterial activity of chitosan, arising from its polycationic nature, against a variety of bacteria and fungi is well known (10) . We could compare the antimicrobial effects of chitosan acetate against the species in this study. A. baumannii was the most susceptible of the tested bacteria. The concentration of chitosan acetate required to completely inhibit A. baumannii was 10 times lower than those for other Gramnegative bacteria and 100 times lower than that for the Grampositive MRSA investigated in this study. Chitosan or its derivatives have been reported to be more effective against Gram-negative bacteria than against Gram-positive bacteria (11). Chung et al. (12) proposed that the negative charge on the cell surfaces of Gram-negative bacteria was higher than that on Gram-positive bacteria. The interaction between the positively charged chitosan and the negatively charged microbial cell wall leads to the leakage of the intracellular constituents. This happens because positively charged nitrogen atoms displace the divalent cations (Ca 2ϩ and Mg 2ϩ ) that help maintain the integrity of the Gram-negative outer membrane by coordinating lipopolysaccharide (LPS). The large size of the chitosan molecule (MW, 460,000) prevents it from entering the bacterial cell, but its cationic character is still able to permeabilize the cells from the outside. The release of divalent cations from the outer membrane triggers the release of LPS and causes the disruption of the permeability barrier of the outer membrane (30) .
Silver is well known for its antimicrobial properties and has been used for many years in the medical field for antimicrobial purposes (22) . It is used widely in medicine for its distinct antimicrobial action against a broad range of bacteria, yeast, fungi, and viruses (52, 53) . Silver exerts its microbicidal effects by interfering with the respiratory chain at the cytochromes (4) or by interfering with components of the microbial electron transport system (21), binding DNA and inhibiting DNA replication (36) . Silver in the form of nanoparticles has attracted significant attention (23, 37, 44) in recent years. In the present study, we found that the concentration of nanoparticle silver needed to produce antimicrobial effects was much lower for Gram-negative bacteria than for Gram-positive bacteria. Our results were consistent with those of Rhim et al. (45) , who reported Gram-negative bacteria to be more susceptible to the antimicrobial effects of Ag ions than Gram-positive bacteria, presumably due to their thinner cell walls, which may allow more rapid absorption of the ions into the cell (25, 48) . Alternatively, silver ions may penetrate more easily through the outer envelope of Gram-negative bacteria than through the outer envelope of Gram-positive bacteria (24) .
There have been several publications that have reported various combinations of chitosan and silver to have improved antimicrobial properties. Cao et al. (7) prepared silver-chitosan nanocomposites that inhibited the growth of S. aureus aeruginosa-infected burns were treated with silver HemCon (Ag ϩ chitosan; n ϭ 14) or regular HemCon (chitosan; n ϭ 14) or received no treatment (no TX; n ϭ 7). The survival curves were found to be significantly different between the silver-HemCon-treated group and the regular-HemCon-treated group (P ϭ 0.0082) and between the HemCon-treated group and the untreated group (P ϭ 0.0003). No significant difference was found between the survival curves of the regular-HemCon-treated and untreated groups (P ϭ 0.68). (40) prepared chitosan dressings containing the procoagulant polyphosphate (ChiPP) and silver. Silver-loaded ChiPP exhibited significantly greater bactericidal activity than ChiPP in vitro against P. aeruginosa and S. aureus. The silver ChiPP also significantly reduced mortality from 90% to 14.3% in a P. aeruginosa wound infection model in mice. It is difficult to compare the antimicrobial efficacies of different preparations of silver and chitosan, as several variables, such as the precise methods of preparation of both the silver nanoparticles and the chitosan fibers or films, the size of the silver nanoparticles, and the molecular weight and degree of deacetylation of the chitosan, can all be important. To our knowledge, none of these papers demonstrated synergy between chitosan and silver, and the only papers to show effectiveness against an infected wound in mice did not do any comparisons with silver alone or chitosan alone. The mechanism of action of silver requires that the silver ions enter the bacterial cell for efficient killing. As described above, an important antibacterial mechanism of chitosan is the enhancement of permeability, so it appears entirely reasonable that the interaction of chitosan and nanoparticle silver should be synergistic rather than simply additive. The highest degree of synergy was found with the two Gram-negative species P. aeruginosa and A. baumannii, consistent with these bacteria being considered to have a high intrinsic permeability barrier. The Gram-negative P. mirabilis had an intermediate degree of synergy due to its lower response to permeabilizing agents. The degree of synergy was lowest (although still significant) with Gram-positive MRSA, consistent with the absence of outer membrane permeability barriers in Gram-positive bacteria.
Silver-based medical products, ranging from topical ointments and bandages for wound healing to coated stents, have been proven to be effective in retarding and preventing bacterial infections (9) . In our study, we found silver-chitosan acetate-treated mice had a higher survival rate than nonsilver chitosan acetate-treated groups and untreated groups. This was due to the extra antibacterial activity given to the chitosan acetate bandage by the addition of nanoparticle silver.
In conclusion, we have shown that chitosan acetate combined with nanoparticle silver has a significantly synergetic effect on these species, and silver-chitosan acetate on bandages could treat P. aeruginosa burn infection in mice, so silverchitosan acetate bandages could be a promising topical antimicrobial dressing.
